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We present ab initio calculations of resonances for 7He, a nucleus with no bound states, using the
realistic nucleon-nucleon interaction Daejeon16. For this, we evaluate the n−6He elastic scattering
phase shifts obtained within an S-matrix analysis of no-core shell model results for states in the
continuum. We predict new broad resonances likely related to fragmentary experimental evidence.
A modern trend of nuclear theory is the development
of methods for describing nuclear states in the contin-
uum, resonances in particular, as well as the boundaries
of nuclear stability as either neutron number or proton
number is increased to the point where the nucleus be-
comes unbound. The 7He nucleus presents an especially
significant challenge since it has no bound states and the
experimental information on its resonances is fragmen-
tary. Ideally, an approach with predictive power could
help refine current knowledge of 7He and inform further
experimental efforts. For maximal predictive power, ab
initio (“first-principles”) approaches in this field are of
primary importance since the only input is the nucleon-
nucleon (NN) and, if needed, three-nucleon (NNN) in-
teractions.
Currently there are a number of reliable methods for
the ab initio description of nuclear bound states (see,
e. g., the review [1]). Prominent methods include the
Green function’s Monte Carlo [2], the no-core shell model
(NCSM) [3], the coupled cluster method [4], etc. The
NCSM employed here is a modern version of the nu-
clear shell model which does not introduce an inert core
and includes the degrees of freedom of all nucleons of
a given nucleus. The multi-particle wave function is ex-
panded in a series of basis many-body oscillator functions
(Slater determinants) which include all many-body oscil-
lator states with total excitation quanta less or equal to
some given value Nmax. This makes it possible to sep-
arate the center-of-mass motion. The number of basis
states increases very rapidly with number of nucleons A
and with Nmax. The degree of convergence achieved with
NCSM calculations as A increases is governed by the lim-
its of available supercomputers.
However, the NCSM cannot be directly applied to the
description of resonant states. Energies of resonant states
are positive with respect to some breakup threshold so
that one needs to consider decay modes. Special methods
taking into account the continuum are therefore needed
for the description of resonances.
There are well-developed methods for ab initio descrip-
tion of continuum spectrum states based on Faddeev and
Faddeev–Yakubovsky equations that are successfully ap-
plied in nuclear physics for systems with A ≤ 5 nucleons
(see, e. g., the review [1] and Ref. [5]). A very impor-
tant breakthrough in developing ab initio theory of low-
energy reactions in systems with total number of nucle-
ons A > 4 was achieved by combining the NCSM and the
resonating group method to built the NCSM with con-
tinuum (NCSMC) approach [6] which has been applied
to nuclear systems up to A = 12 [7, 8]. Nuclear reso-
nances can also be obtained in the no-core Gamow shell
model (GSM) [9]. However, these methods provide sig-
nificant numerical challenges for no-core systems [9, 10].
At higher energies, above the resonance region, alterna-
tive ab initio methods are developed and applied (see,
e.g., Ref. [11]).
Recently we proposed the SS-HORSE method [12–17],
which generalizes the NCSM to the continuum states.
The SS-HORSE allows one to calculate the single-channel
S-matrix and resonances by a simple analysis of NCSM
eigenenergy behavior as a function of parameters of the
many-body oscillator basis. The SS-HORSE extension
of the NCSM was successfully applied to the calculation
of the neutron–α and proton–α scattering and resonant
states in the 5He and 5Li nuclei in Refs. [12, 16]; a gen-
eralization of this approach to the case of the democratic
decay provided a description of a resonance in the system
of four neutrons (tetraneutron) [18].
The unbound 7He nucleus presents a new challenge for
ab initio theory but is especially interesting since its ex-
perimental information is fragmentary and conflicting. A
few resonances have been observed in 7He but all have
weak spin-parity assignment arguments if any [19]. In
particular, the lowest resonance is supposed to have a
spin-parity of 3/2− with a width of 0.18 MeV at the
energy of 0.43 MeV above the n+ 6He threshold [20].
There is also a resonance at 3.35 MeV with the width
of 1.99 MeV which is tentatively assigned Jπ = 5/2−
and another resonance at 6.2 ± 0.3 MeV with the width
of 4±1 MeV of unknown spin-parity [19]. The most com-
plicated situation is with the 1/2− resonance which was
observed in Refs. [21–23]: according to these papers, its
energy ranges from 1 [23] to 3.53 MeV [22] and the width
from 0.75 [23] to 10 MeV [22]. Thus, 7He represents a
very good candidate for invoking the predictive power
of ab initio scattering theory. Therefore, we predict the
n+6He resonances of 7He within the SS-HORSE-NCSM
approach. We find additional broad resonances that shed
2light on the apparent conflicts among experiments.
Recent many-body calculations of 7He nucleus explic-
itly accounting for the continuum spectrum effects in-
clude a GSM study of Ref. [24] and a NCSMC study
of Refs. [25, 26]. The GSM calculations [24] are per-
formed with the 4He core and nucleons in the psdf
valence space interacting by phenomenological effective
potentials fitted to a few bound states in light nuclei.
The NCSMC calculations of Refs. [25, 26] use a Similar-
ity Renormalization Group (SRG)-evolved chiral next-to-
next-to-next-to-leading order (N3LO) NN potential of
Refs. [27, 28]. Our ab initio SS-HORSE-NCSM calcula-
tions are performed with the realistic Daejeon16 [29] NN
interaction originating from the same chiral N3LO inter-
action and adjusted with unitary transformations that
preserve theNN phase shifts to describe accurately bind-
ing energies and spectra of p-shell nuclei without NNN
forces.
Within our SS-HORSE-NCSM approach, we consider
a channel where a neutron is scattered by a nucleus with
A nucleons. The phase shift calculations start from the
the NCSM eigenenergies EA+1i corresponding to a set of
pairs of the NCSM basis parameters N imax and ~Ω
i, with
index i signifying a given pair, for the whole (A+ 1)-
particle system, as well as of the ground state energiesEAi
of the target nucleus with the same ~Ωi and the excita-
tion quanta N imax or N
i
max− 1 depending of the parity of
the states of interest of the (A+ 1)-particle system.
The phase shifts δℓ(Ei) at the energies of relative mo-
tion Ei = E
A+1
i −EAi in the partial wave with the orbital
momentum ℓ in the case of neutral particle scattering are
calculated as [12–14]
tan δℓ(Ei) = −
SNi+2,ℓ(Ei)
CNi+2,ℓ(Ei)
. (1)
Here Sn,ℓ(E) and Cn,ℓ(E) are the regular and irregular
solutions of the free Hamiltonian in the oscillator rep-
resentation, their analytical expressions can be found in
Refs. [30–32]; the oscillator quanta of the relative mo-
tion Ni = N imax + N
A+1
min − NAmin, where N imax is the
excitation quanta in the (A + 1)-particle system in the
current calculation, NA+1min and N
A
min are the minimal
total oscillator quanta consistent with the Pauli princi-
ple in the (A + 1)- and A-particle systems, respectively.
With various choices of the basis parameter pairs, we can
calculate the phase shifts in some energy interval since
Ei = Ei(N
i
max, ~Ω
i). Next we perform a phase shift pa-
rameterization which makes it possible to calculate the
S-matrix and its poles including those associated with
the resonant states in the (A+ 1)-body system.
The phase shifts δℓ(E) can be parameterized using the
effective range function,
Kℓ(E) =
(√
2µE/~
)2ℓ+1
cot δℓ(E), (2)
where µ is the reduced mass of scattered particles. The
function (2) has good analytical properties and may be
expanded with a Taylor series in E (the so-called effec-
tive range expansion) [33]. This expansion works well
at low energies, however in a larger energy interval, in
particular, in the vicinity of a resonance, it may be in-
adequate since the phase shift may take the values of 0,
±π, ±2π, ..., when the effective range function Kℓ(E),
according to Eq. (2), tends to infinity. Therefore, we
use Pade´ approximants to parameterize Kℓ(E) in each
partial wave of the n−6He scattering and fit their pa-
rameters to obtain a reasonable description of selected
NCSM eigenenergies (see below).
We utilize this parameterization in all partial waves
of the n−6He scattering except for the 3
2
−
partial wave
where we obtain two resonances. In this case we param-
eterize directly the phase shift δ1(E) as
δ1(E) =
2∑
k=1
(
− arctan ck
√
E
E − b2k
− ck
b2k
√
E
)
+dE3/2+fE5/2.
(3)
The parameterization (3) guarantees that δ1 ∼
(√
E
)3
in the limit E → 0 and makes it possible to describe the
two-resonance phase shifts with a smaller number of fit
parameters b1, b2, c1, c2, d, f where the parameters bk
and ck are related to the respective resonance energiesE
k
r
and widths Γk [12].
With any set of the Pade´ approximant parameters or
the fit parameters of Eq. (3), we obtain the respective
phase shifts δℓ as some function of energy E and solve
Eq. (1) to obtain the eigenenergies Ethi which should be
obtained in the NCSM calculations with any given com-
bination of N imax and ~Ω
i to describe exactly this func-
tion δℓ(E). These energies E
th
i are compared with the
set of energies Ei obtained in the NCSM calculations;
the optimal values of the fit parameters are found by
minimizing the sum of squares of deviation of the sets
of Ethi and Ei with weights enhancing the contribution
of energies obtained with larger Nmax values,
Ξw =
√√√√1
p
p∑
i=1
((
Ethi − Ei
)2(N imax
NM
)2)
. (4)
Here p is the number of basis parameter pairs and NM
is the largest value of N imax used in the fit.
The S-matrix and the effective range function Kℓ(E)
are related by a simple analytic formula. Therefore, af-
ter obtaining an accurate parameterization ofKℓ(E), one
can search numerically for the S-matrix poles in the com-
plex energy plane. Some tricks useful to design a sta-
ble and fast numerical algorithm for the pole searches at
complex energies, are described in Ref. [16]. By locating
the S-matrix poles, we obtain energies Er and widths Γ
of resonances in the many-body nuclear system. The en-
ergies Ekr and widths Γ
k of the 3/2− resonances in 7He
are obtained from the fit parameters bk and ck [12].
We perform the NCSM calculations of the 6He ground
state energies E6i with N
i
max up to 16 and ~Ω
i ranging
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FIG. 1: Phase shifts in the 5/2− scattering state. Closed
symbols are the selected phase shifts δℓ(Ei), open triangles
present results obtained using the N imax = 10 NCSM cal-
culations which are not selected for the SS-HORSE analysis
but used to demonstrate the convergence trends; curves are
the SS-HORSE fits to the NCSM results obtained in different
model spaces.
from 10 to 50 MeV. The lowest 1/2−, 5/2−, 1/2+, 3/2+
and 5/2+ eigenenergies E7i in the
7He nucleus are calcu-
lated with N imax up to 16 for negative and up to 17 for
positive parity states with the same ~Ωi values. In the
case of the 3/2− states in 7He, we use two lowest eigenen-
ergies E7i of this spin-parity to fit the phase shifts.
As stated in Refs. [12–18], we cannot use all rela-
tive motion energies Ei = E
7
i − E6i obtained by the
NCSM for the SS-HORSE analysis. In particular, the
SS-HORSE equations are consistent only with those ener-
gies obtained at any given Nmax which increase with ~Ω.
Therefore, from the energies ENmaxi obtained by NCSM
with any Nmax we should select only those which are ob-
tained with ~Ω > ~ΩNmaxmin , where ~Ω
Nmax
min corresponds to
the minimum of the ~Ω dependence of the relative motion
energies ENmaxi .
Next, for the phase shift parameterization, we should
select only the results obtained with large enough Nmax
and in the ranges of ~Ω values for each Nmax where the
phase shifts converge, at least, approximately. Phase
shift convergence means that the phase shifts δℓ(Ei) ob-
tained with different N imax and ~Ω
i values form a single
smooth curve as a function of energy. Our method for
the selection of the NCSM results is described in detail
with numerous illustrations in Refs. [12–18].
We illustrate in Fig. 1 the convergence of the n−6He
elastic scattering phase shifts for the 5/2− state. The
energies Ei selected from the results of NCSM calcu-
lations with N imax = 12, 14 and 16 generate a set of
the phase shifts δ1(Ei) shown by closed symbols which
approximately form a single smooth curve. The SS-
HORSE parameterization of all these selected 5/2− phase
shifts δ1(Ei) (solid curve) accurately describes them.
We present in Fig. 1 also the parameterizations fitted
to the NCSM eigenenergies from the selection obtained
individually with each of these three N imax values. These
three parameterizations nearly coincide up to approxi-
TABLE I: Convergence of the 5/2− resonance energy Er (rel-
ative to the n+ 6He threshold) and width Γ in 7He obtained
in calculations with different N imax.
N imax 10 12 14 16 12÷16
Er, MeV 3.969 3.783 3.694 3.626 3.626
Γ, MeV 1.313 1.334 1.352 1.369 1.363
mately 10 MeV which is the largest of the NCSM eigenen-
ergies included in the fit. In particular, these parame-
terizations are nearly indistinguishable in the resonance
region. As a result, we obtain very similar resonance en-
ergies Er and widths Γ with all these parameterizations
(see columns labeled 12, 14, 16 and 12÷16 in Table I).
To further elucidate the convergence trends, we present
in Fig. 1 also the phase shifts obtained from the NCSM
results with N imax = 10 and ~Ω
i ranging from 15 MeV to
40 MeV together with the respective parameterization.
We do not include these N imax = 10 results in our selec-
tion of the NCSM eigenenergies used in Eq. (4) since the
respective phase shifts δ1(Ei) deviate from the common
curve formed by the NCSM results in the three larger
model spaces at the energies above the resonance region.
However in the resonance region, which is of our primary
interest, the N imax = 10 phase shifts only slightly deviate
from the phase shifts from the three larger model spaces.
As a result, the N imax = 10 resonance parameters (see
Table I) appear to be close to those obtained in larger
model spaces.
We use the spread of the results presented in Table I
(excluding those obtained with N imax = 10) to evalu-
ate the uncertainties of the obtained resonance and low-
energy scattering parameters. To justify these uncer-
tainties, we perform also a few alternative selections of
the NCSM energies Ei, e. g., we extend the set of se-
lected NCSM energies obtained with N imax = 12 and 14
by adding the results of calculations with ~Ωi values
up to 50 MeV. Performing the phase shift parame-
terizations with these energy selections for N imax = 12
and 14 individually as well as parameterizing all
these N imax = 12 and 14 results together with previously
selected N imax = 16 energies, we obtain the spreads of
the 7He resonance parameters within the ranges shown
in Table I excluding the N imax = 10 results.
We present in Table II our final results for the 5/2−
7He resonance, i. e., the results obtained by the fit to
all selected energies Ei from the NCSM calculations
with N imax = 12, 14 and 16, together with estimation
of their uncertainties as described above. For compari-
son, we present in Table II also the resonance parame-
ters from the GSM studies in the psdf valence space of
Ref. [24] and the NCSMC studies of Refs. [25, 26] to-
gether with available experimental data. Our results for
the 5/2− resonance obtained with Daejeon16 are seen to
be in reasonable agreement with experiment and with the
GSM and NCSMC results.
The same approach is used to examine the n−6He
4TABLE II: Energies Er (relative to the n+
6He threshold) and
widths of resonant states in 7He nucleus. Our estimate of the
uncertainties of the quoted results are presented in parenthe-
ses. The available results of the GSM calculations [24] in the
psdf valence space and of the NCSMC calculations [25, 26]
with SRG-evolved N3LO chiralNN force together with exper-
imental data are shown for comparison. All values are in MeV.
This work GSM NCSMC Experiment
[20]
E1r 0.24(6) 0.39 0.71 0.430(3)
3/2− Γ1 0.11(2) 0.178 0.30 0.182(5)
E2r 4.9(3)
Γ2 3.1(3)
[21] [22] [23]
1/2− Er 2.7(4) 2.39 3.0(5) 3.5 1.0(1)
Γ 4.3(3) 2.89 2 10 0.75(8)
[19]
5/2− Er 3.63(18) 3.47(2) 3.13 3.36(9)
Γ 1.36(3) 2.3(3) 1.07 1.99(17)
Er 4.1(3)3/2+
Γ 4.4(5)
Er 4.2(5)5/2+
Γ 5.0(5)
scattering in other partial waves and the respective reso-
nances in the 7He nucleus. The results for the phase shifts
together with selected phase shifts δℓ(Ei) are shown in
Figs. 2 and 3 while the resonance energies and widths are
presented in Table II.
We note that the convergence of the 1/2− phase shifts,
where we obtain a wide resonance, is slower than in the
case of the 5/2− state. Therefore, our predictions for
the 1/2− resonance energy and width have larger uncer-
tainties.
The experimental situation for the 1/2− resonance is
not clear. While the resonant energies of Refs. [21, 22]
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FIG. 2: The phase shifts in the negative parity scattering
states. Symbols are the selected phase shifts δℓ(Ei); the SS-
HORSE fits of the phase shifts are presented by curves.
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FIG. 3: The same as Fig. 2 but for the positive parity scat-
tering states.
are comparable, the widths are very different. Our re-
sults for the resonance energy are in fair agreement with
the neutron pickup and proton-removal reaction exper-
iments [21] and with the NCSMC results. However for
the width of this resonance we obtain a value that is ap-
proximately two times larger than in experiment [21] and
approximately two times smaller than in experiment [22].
It is clear that we do not support the interpretation of
experimental data on one-neutron knockout from 8He of
Ref. [23] advocating a low-lying (Er ∼ 1 MeV) narrow
(Γ ≤ 1 MeV) 1/2− resonance in 7He.
In the case of the 3/2− scattering, we combine our
NCSM results for the 7He ground state and the first ex-
cited state of the same spin-parity to obtain phase shifts
revealing the two resonances in Fig. 2. The convergence
of the 3/2− phase shifts is good and comparable with
that of the 5/2− state as is reflected in the uncertain-
ties of the obtained resonance parameters shown in Ta-
ble II. The low-lying resonance should be clearly related
to the experimentally established 3/2− resonance in 7He.
Daejeon16 slightly underestimates both its energy and
width compared with experiment; the NCSMC overesti-
mates these resonance parameters while the best descrip-
tion of this resonance was obtained in the GSM studies.
The higher lying 3/2− resonance is a candidate for the
description of the experimentally observed resonance of
unknown spin-parity at the energy of 6.2 MeV with the
width of 4 MeV. With Daejeon16 we obtain smaller val-
ues than these experimental quantities for both its energy
and its width.
Turning to states with the other parity, we obtain
the 1/2+ scattering phase shifts monotonically decreas-
ing without any signal of a resonant state. This result
is in an agreement with the experimental data and the
GSM predictions of Ref. [24] and the NCSMC predictions
of Refs. [25, 26]. From our parameterization of the effec-
tive range functionKℓ(E) we obtain the scattering length
a0 = 2.2(4) fm and the effective radius r0 = 2.1(1.1) fm
for this s-wave scattering.
The convergence of the 3/2+ and 5/2+ phase shifts is
worse than that in the negative parity states. However,
5we clearly see in Fig. 3 wide resonances in both these
states. These resonances can be also associated with the
6.2 MeV resonance of unknown spin-parity seen in the ex-
periment [19]. The Daejeon16 generates these resonances
at lower energy but having a width close to experiment.
Concluding, motivated by experimental uncertainties
in the properties of the unbound nucleus 7He, we solved
for n + 6He resonances using the single-channel SS-
HORSE extension of the ab initio NCSM with the re-
alistic Daejeon16 NN interaction. Our results for the
low-lying narrow 3/2− and wide 5/2− resonances are in
reasonable agreement with experiment and with results
quoted in the GSM [24] and NCSMC [25, 26] studies. We
found an additional wide 3/2− resonance around the en-
ergy of 5 MeV as well as wide 3/2+ and 5/2+ resonances
at nearby energies. No resonance was found in the 1/2+
state consistent with the GSM [24], NCSMC [25, 26]
studies and experimental situation. The 1/2− resonance
is predicted to be wide enough and at the energy in rea-
sonable agreement with the NCSMC [25, 26] calculations
and results of experiments of Refs. [21, 22] and disagrees
with the indication of a low-lying narrow resonant state
suggested in Ref. [23]. It appears reasonable that the ob-
served resonance at the energy of 6.2 MeV with the width
of 4 MeV of unknown spin-parity mentioned in the com-
pilation of Ref. [19] is formed as an overlap of our second
3/2− resonance with our 3/2+ and 5/2+ resonances.
Our results with Daejeon16 are also in reasonable
agreement with those of our preliminary SS-HORSE-
NCSM study [34] with the realistic NN interaction
JISP16 [35]. In particular, JISP16 also generates even
wider 3/2+ and 5/2+ resonances overlapping with the
second 3/2− resonance approximately 1 MeV higher in
energy than Daejeon16, i. e., very close to the experimen-
tally observed resonance at 6.2 MeV.
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